The production of helium 2 1 S singlet metastable atoms has been investigated using a hollow cathode discharge and a Penning discharge, under dc discharge conditions. The density of metastable atoms was measured by atomic absorption using the 2 1 S-3 1 P transition (501.57 nm). A range of plasma currents, varying from 16 to 180 mA, and a range of pressures, from 100 mTorr to 5 Torr, were investigated. This work is directed ultimately to the production of a supersonic metastable helium beam for plasma diagnostics, in particular the measurement of electric fields using laser induced fluorescence.
Introduction
Electric fields play an important role in many plasma applications, including magnetic fusion reactors, plasma processing and inertial electrostatic confinement devices. A laser induced fluorescence (LIF) technique, proposed by Takiyama et al [1] for measuring electric fields in plasmas, is based on the Starkeffect modification of the fluorescence from helium atoms in the singlet metastable state [2] . Numerical studies and measurements on electron cyclotron resonance (ECR) plasmas by Takiyama et al [3, 4] have shown that a metastable density n 2 1 S > 1 × 10 16 m −3 is required for successful electric field measurements [5] . The work presented here is a study of singlet helium metastable production under dc discharge conditions. The motivation is to develop a pulsed, bright metastable helium beam for measuring electric fields in the H-1 heliac [6] .
Two types of discharges have been investigated: a hollow cathode discharge (HCD) and a Penning discharge (PD). The HCD, which is formed inside a hollow cylindrical cathode (details of the anode configuration are unimportant), requires a sufficiently high pressure for the cathode fall thickness to be less than the radius of the cathode. This allows the negative glow to locate within the cylindrical electrode. At lower pressures, the negative glow moves outside the hollow cathode and the discharge becomes a normal glow discharge. The dc HCD, and its temporal development following breakdown, has been studied extensively [7, 8] . Takiyama et al [9] have measured singlet metastable density at 0.7 Torr for cathode disks 4 cm diameter and 1.1 cm apart, and under pulsed operation [10] produced a metastable density of around 10 16 m −3 in a helium beam with a density of around 10 22 m −3 . A beam with such a high density is, however, unsuitable for the proposed LIF diagnostic as it may disturb the plasma [11] .
In an attempt to overcome this a PD has been proposed as an alternative, as it is able to operate at significantly lower pressures [12, 13] . The PD consists of two cathodes with an anode between them. There is a magnetic field normal to the surface of the cathode and, as a consequence, parallel to the axis of the discharge. Electrons that leave the cathode are confined by the magnetic field, are reflected between the two cathodes, and hence through the anode, many times, causing multiple collisions with neutral atoms to facilitate metastable production. This allows the PD to operate at lower pressures than the HCD.
In this paper we present results comparing over a range of pressures and discharge currents the production of singlet metastable helium atoms in a HCD and a PD.
Experiment
The HCD had a cylindrical cathode 1 cm in diameter and 2 cm in length. The anode ring was of the same diameter and was 0963-0252/02/040426+05$30.00 © 2002 IOP Publishing Ltd Printed in the UK mounted ∼3.5 cm from the cathode as shown in figure 1. The PD had two parallel cathodes with an anode between, and a magnetic field normal to the cathode surfaces. The cathodes were 6 cm long, 4 cm wide and 1 cm high. The anode, 7 cm long, 5 cm in wide and 1.5 cm high, had three orthogonal holes (see figure 2 ) to allow passage of the discharge and provide diagnostics access. Rare earth magnets were mounted in each of the cathodes to produce the magnetic field (see figure 2) which had a value of 0.3 T at the cathode surfaces. The same vacuum chamber with helium gas flowing through it was used for both discharges.
The metastable density was measured by atomic absorption, using a helium spectral line that terminates on the singlet metastable level, the 2 1 S-3 1 P transition at λ = 501.57 nm. The experimental arrangement is shown in figure 3 . A hollow cathode lamp with helium as the background gas was used as the light source. The light was collimated, and after passing through the plasma, was focused into a monochromator. By chopping the incident beam lock-in detection could be used to eliminate the background emission from the discharge. The output from the lock-in amplifier was displayed on a digital oscilloscope on a slow time base and the discharge switched on and off. The absorption of the light by metastable atoms produced an easily measured decrease in the signal from the lock-in amplifier.
The metastable density (in m −3 ) is given by equation (1) and is derived from Corney [14] and assumes Doppler broadening of both the light source and discharge. If a narrow line source is assumed, i.e. T 1 ≈ 0, then this reduces to the equation by Otsuka et al [15] :
where I 0 is the intensity of the incident beam, I is the transmitted intensity, λ and f are, respectively, the wavelength and absorption oscillator strength of the transition, l is the path length through the plasma, T 1 and T 2 are, respectively, the temperatures of the gas in the light source and in the discharge under investigation, both assumed to be 300 K for the present measurement. M is the atomic weight of the gas used (in this case helium). For the HCD, l was taken to be equal to the width of the cathode (2 cm); for the PD, l was taken to be the width of the hole in the anode (4 cm). For both discharges singlet metastable atom density was measured for a range of gas pressures and discharge currents. Figure 4 shows that the hollow cathode produced a maximum density of metastable atoms of ∼1.2 × 10 17 m −3 at 800 mTorr and 160 mA. Below a pressure of 500 mTorr, the discharge ceased to be a HCD, i.e. the negative glow moved outside the cathode.
Results

Constant current, varying pressure
Above 800 mTorr, for all currents, the metastable density decreases with increasing pressure, due to collisional de-excitation by neutral helium atoms. For all currents investigated, the hollow cathode produced a maximum metastable density at 800 mTorr.
The PD at a current of 160 mA and a pressure of 600 mTorr produced a maximum metastable density of ∼9 × 10 16 m −3 , but unlike the hollow cathode, the PD continued to operate at pressures below 500 mTorr. At lower pressures the PD is better at producing metastables as shown in figure 4: at a pressure of 100 mTorr and 16 mA, it still produced a metastable density greater than 10 16 m −3 .
Constant pressure and varying current
The metastable density was also measured as a function of discharge current for several constant values of pressure. Three pressures were investigated: 1 Torr (n He = 3.3 × 10 22 m −3 ), 500 mTorr (n He = 1.65 × 10 22 m −3 ) and 100 mTorr (n He = 3.3 × 10 21 m −3 ). Results in figure 5 show that at pressures, around 1 Torr, the PD and HCD produce similar metastable densities over the whole range of currents investigated. For example, the density is ∼1.2 × 10 17 m −3 for both discharges at a current of 180 mA. As the pressure decreases, metastable production by the PD exceeds that of the HCD. At a pressure of 500 mTorr and a current of 180 mA, the density for the PD is ∼1.2 × 10 17 m −3 , compared with ∼7 × 10 16 m −3 for the HCD. At 100 mTorr, the negative glow is outside the cylindrical cathode and the discharge no longer operates in the hollow cathode mode. In these circumstances the absorption path is greater than the length of the cathode and difficult to determine with any precision. On the other hand, the PD still operates at this pressure, producing a metastable density of ∼3.3 × 10 16 m −3
at a current of 180 mA.
Discussion
Since the excitation energy of the 2 1 S metastable state is slightly above 20 eV, electron excitation from the ground state will be due to the high energy tail of the thermal electron distribution. Hot non-thermal electrons could also contribute significantly. Both the HCD and the PD were investigated since each involves a trapping mechanism for electrons (radial electrostatic trapping in the case of the HCD, and magnetic trapping due to the longitudinal magnetic field in the case of the PD) leading to enhanced electron density and metastable excitation.
The results show that at higher pressures (∼1 Torr), the metastable densities achieved in the HCD and the PD were similar in magnitude. The PD, however, is able to operate effectively at pressures below 500 mTorr, where the HCD has ceased to operate. At such lower pressures, the outside of the cylindrical electrode becomes the cathode, which will cause a dramatic drop in ionization, and consequently excitation of metastable atoms, inside the cylinder. In contrast, the PD operates over the entire pressure range investigated because the electrons are magnetized over this range, with ωτ , where ω is the cyclotron frequency and τ is the electron neutral frequency, varying ∼4-300, assuming an electron temperature of 3 eV, and electron neutral cross-section of ∼5 × 10 −20 m 2 [16] . As the Lamor radius for such electrons is ∼20 µm, and assuming a random walk in the transverse direction, electrons will require ∼10 6 steps to diffuse from the plasma of radius 2 cm. In the process, the electron will undergo a random walk parallel to the magnetic field and reflect many times between the cathodes, e.g. at 1 Torr ∼100 times.
Efficiencies of singlet metastable production (n 2 1 S /n He ) of ∼1.1 × 10 −5 have been reported by Takiyama et al [9] for a pressure of 1.4 Torr in a HCD. In this investigation the efficiency for the production of metastable atoms increased with increasing discharge current and decreasing pressure for both discharges. The maximum efficiency for the HCD was ∼6 × 10 −6 at 500 mTorr and a current of 180 mA; for the PD, maximum efficiency obtained was ∼10 −5 at 100 mTorr and 180 mA.
The ultimate aim of this work is to produce a supersonic beam of metastable singlet helium atoms for LIF diagnostics, with metastable densities n 2 1 S > 1 × 10 16 m −3 . Metastable densities of this order have been reported for a HCD with a beam density of n He = 3.3 × 10 22 m −3 (∼1 Torr) [10] . For the diagnostic the density of the pulsed neutral He beam needs to be as low as possible so as not to disturb the plasma under investigation. At the same time the metastable density needs to be sufficiently high to allow adequate sensitivity for the LIF diagnostic. On the basis of the results presented here, it appears that the PD is a better option for metastable production than the HCD. Future work will concentrate on the production of metastable atoms in a pulsed helium source
Conclusion
The densities of singlet metastable helium atoms produced in a HCD and a PD have been measured for a range of pressures and discharge currents. At the highest pressures and currents used the density of metastable atoms produced by the HCD (∼1.2 × 10 17 m −3 ) was about 30% higher than that for the PD. At pressures below 500 mTorr, where hollow cathode operation was no longer possible the PD, was able to produce metastable densities greater than 10 16 m −3 . The highest efficiency of metastable production (10 −5 ) was obtained using the PD at 100 mTorr and 180 mA.
